In this paper, we use maize yield and meteorological data during the period of 1980-2015 in the Yilan County, Heilongjiang Province to study the impact of meteorological factors (rainfall, sunshine hours, temperature) on maize yield. Based on the computer simulation, Fisher integral model and Chebyshev orthogonal polynomials were used to analyze the coefficients between meteorological factors (temperature, precipitation and sunshine hours) and the maize yield so as to establish a mathematics model between the two. Through the coefficients between meteorological factors and maize yield during different periods, it is discovered that meteorological factors had a great effect on maize yield. By fitting degree of maize yield meteorological model the maize yield can be predicted in an accurate way. It provides a theoretical basis for the information management of maize production in Heilongjiang Province based on the computer simulation. It is of great significance in providing scientific guidance for the sustainable development of Heilongjiang's corn industry.
Introduction
It is increasingly recognized that climate change, especially its impact on natural and human systems, has become a global challenge. It is estimated that in the past crop losses affected by natural disasters account for 3-5% of total output, and such losses may increase to 10-15% in the future [1] . In global crop yields, one in three of the observable fluctuations are the result of meteorological change [2] [3] [4] . Corn is a kind of important food, feed, medicine and new energy in the world. In Heilongjiang, corn is one of the fastest growing grain crops in the past 10 years. The expansion speed of the planting area, the increase of maize yield and total production of corns are much higher than those of other crops. Yilan County is located in the northeast of Harbin City, Heilongjiang Province. It is a major grain-producing county and an important commodity grain base in the Province. From 1980 to 2015, the maize yield in Yilan County increased by 3.0 times from 2820 kg/hm 2 to 8476 kg/hm 2 (the statistics data come from the Ministry of Agriculture and Rural Affairs).
Climate change will have a serious impact on the corn industry, which is one of the main agricultural subjects.Previous studies suggested that the critical accumulated temperature line of maize growth in American Corn Belt moves northward along with the increase of average temperature in the growing season, and the critical soil equivalent line for maize growth moves eastward. However, temperature increase will also increase the frequency of extreme weather and the ground surface evaporation, and decrease the water table with more serious drought and high temperature in places at lower latitudes. By the 21st century, the production of main grain crops such as corn may encounter a decline of as high as 37% [5] . The increasingly uncertain rainfall and temperature will bring great uncertainty to corn production [6, 7] . The influence of temperature and humidity on the maize meteorological yield was analyzed by using the desiccation index methods. The results showed that the temperature and humidity are the main factors affecting the yield fluctuation. When the temperature and humidity conditions are favorable, corn production will increase, otherwise it will reduce.
The impact of regional climate and its changes on human life is more direct. Therefore, the study of regional climate and its changes has attracted great attention [8] . Based on the above two points, in this study, we analyzes the influence of meteorological factors (temperature, precipitation, sunshine hours) on maize production potential at different development stages and analyzes the impact of meteorological factors on maize production in Yilan County, Heilongjiang Province. The evaluation of the past and future production potential of corn has great practical significance for guiding the planning of corn planting.
Material and methods

Materials
Data sources
The data of maize yield with a period of 36 years in Yilan County, Heilongjiang Province is obtained from the statistics of the Ministry of Agriculture and Rural Affairs.
Meteorological data (temperature, sunshine hours, precipitation) is obtained from the National Meteorological Science Data Sharing Service Center (http://data.cma.cn/).
Methods
Descriptive analysis of meteorological factors
The meteorological data are simply sorted as shown in Table S1 .
Precipitation
During the whole growth period of maize, the precipitation in each month was not very different. The average precipitation from May to October was 1.1 mm~4.4 mm. However, the precipitation difference in the same period of different years was significant. The range between the average precipitation in July was 110.1 mm, but that in October was 34.4 mm.It was found that the minimum coefficient of variation was 2.2 in June, while the maximum coefficient of variation was 3.3 in October.
In addition, the relative range is used to indicate the degree of dispersion (concentration) of the value. The relative range of precipitation in Maize during growth period is between 16.3~31.3.
Sunshine hours
During the growth period of maize, there is little difference in terms of sunlight supply. The average sunshine hour was 7.8 h in May and June, 7.3 h from July to September and 6.4 h in October. The variation coefficient was between 0.5~0.6, and the relative range was between 1.8~2.1.
Temperature
According to the average monthly temperature, the difference of absolute value between months is large. The average temperature could be up to 22.2 °C in July and as low as 5.6 °C in October. But the range of variation coefficient in each month is between 0.1~0.3 and the relative extreme difference is between 0.7~1.6 except in October.
Relevance analysis of meteorological factors
For the model analysis of later parts, the correlation coefficient between meteorological factors is analyzed ( Table 1 ). The results show that there is a significant correlation between monthly precipitation and sunshine hours. But the correlation coefficient is negative. It shows that the sunshine hours decrease significantly when the precipitation is high in some months. There is a significant correlation between precipitation and temperature from May to August. The correlation between precipitation and temperature in September and October is not obvious, but the correlation coefficient between monthly precipitation and temperature is negative. It shows that if there is more precipitation from May to August, the temperature will drop significantly. In September and October, the effect of precipitation on temperature was not obvious. There is a significant correlation between light and temperature in each month. And the correlation coefficient is positive, indicating that the temperature will increase significantly when the sunshine hours increased during the whole development stage of corn. Note: "*" indicates 95 % significant relevant level. During the growth stage of corn, the monthly precipitation, temperature and sunshine hours may have a significant impact on maize yield. However, it should be noted that precipitation and sunshine hours can not appear at the same time in the model, as these two factors are highly negatively related when multiple co-linear phenomena occurred.
Meteorological yield analysis
Maize yield data are not listed. Each month's sunshine hours, precipitation, and temperature are used as independent variables. The meteorological yield is solved using orthogonal polynomials in Fisher integral regression model. Then the influence coefficients of each factor on yield during each period can be obtained.
In the 36 sampling years 1980 to 2015, the author used nine years of smoothing, which basically eliminated short cycles and reflected the contribution of unnatural factors such as technological progress and improved management to maize yield (Figure 1 ). The 9-year sliding average yield is used as the trend yield for a certain year (equation 1 
Model
Firstly, meteorological yield is established. According to the correlation between meteorological factors in the previous section, the model variables are decomposed and reconstructed to eliminate the correlation between factors and ensure that the influence of each important meteorological factor on the yield can be reflected.
Meteorological yield model
Meteorological yield is determined by sunshine hours, precipitation and temperature [9] [10] [11] [12] [13] , which is shown in equation (2).
Among them: Y w is the maize meteorological yield; ss is the monthly average sunshine hour vector; rf is a precipitation vector; tr is the daily average temperature vector; μ is an error vector; α, β and γ are the desired yield coefficient vectors for sunshine hours, precipitation and temperature, respectively.
Integration regression model and orthogonal polynomial solution of meteorological yield
Trend yield represents the yield corresponding to the overall trend curve of yields in normal years (where there is no difference in climate change). Meteorological yield is a function of sunshine hours, precipitation and temperature. The conceptual model of meteorological yield (equation 3) is expressed as an extended Fisher integral regression model:
In the formula, ci is a constant term; in this study, the effects of meteorological factors from sowing to maturity on maize yield were analyzed. So τ was selected from May to October. t is the time variable in the growth period. The classification of the key growth periods of corn is shown in In this study, j=1, 2, …, 5, φij can take up to 5 orthogonal polynomials, which can be derived from Chebyshev orthogonal polynomials as equation (7):
The obtained Chebyshev orthogonal table is shown in table S2.
Results and discussion
Progressive regression of orthogonal polynomials
After undergoing the above changes, equation (5) is a typical multivariate linear regression equation. The equation (8) is obtained by using the stepwise regression method to solve equation 5. Since the two factors of precipitation and sunshine hours are highly negatively related, there are only two factors in the model: sunshine hours and temperature. Precipitation factor is removed to avoid multiple co-linear phenomena. 
Coefficient of meteorological factors on meteorological yield
According to the coefficient in equation (8) and equation (4), it can be concluded that:
The influence coefficient of sunshine hours on yield is as follows: It can be seen from Table 4 that the sunshine hours and average temperature are negatively related to the maize yield. It shows that the timely rainfall is beneficial to the future increase of maize yield before or after sowing and in the whole seedling stage of maize. Table 4 shows that the effect of temperature on yield is greater than that of sunshine hours, because the low temperature is not conducive to the emergence of maize. The seeds are vulnerable to freezing and will lose vitality after germination, reducing the seedling rate. When other conditions are suitable, the germination and emergence of maize will depend largely on the temperature. When water amount is suitable, the higher the temperature, the faster the germination and maize emergence come. In the seedling stage, it is necessary to promote root length and root length, as this is an important period to establish nutritional organs. The key influencing factors in this stage are precipitation and temperature. A too-low temperature will slow the growth and development of seedlings, which will affect the maize yield and quality in later stages. Therefore, moderate precipitation and suitable temperature in seedling stage are conducive to maize emergence and the growth and development of seedlings to ensure the formation of high-yield groups and high yield.
Jointing stage (from early to mid-June)
After the maize enters jointing stage, it is going through a vibrant growth. There are certain requirements for water, temperature and sunshine. Table 4 shows that the sunshine hours and the moderate low temperature during the jointing stage are positively related to the maize yield. Moderate sunshine and moderately lower temperature ( Table 1 shows that the minimum temperature is 8.6 °C ) are conducive to the high yield of maize (1 hour additional sunshine pushes up the maize yield increase by 1.756 t/ha). Corn is a short-day plant. Under short sunshine conditions, it can accelerate the fertility process. Its leaves are sensitive to the optical cycle, which affects the growth and development of corn. If the sunshine hours per day is too short, the thickness of the leaves will be correspondingly reduced, which will affect the photosynthesis of corn, resulting in slow growth and have a negative impact on yield. The effect of the average temperature on the yield during jointing stage is not likely to be immense. But the maximum temperature which may up to 30.1 °C is negatively related to the maize yield. If the temperature is too high, maize often will often subject to spring drought during the jointing stage. Whether or not to pour at this time depends on the precipitation conditions. Conducting timely irrigation is an important measure to ensure high yield of corn.
Bell stage (mid-June to early July)
Corns have a strong need for nutrient, water, sunshine and oxygen during the bell stage. Table 4 shows that the number of sunshine hours and the lowest temperature during the bell stage are negatively related to maize yield. Too much sunshine or a too lowest temperature (easy to cause cold damage) will do harm to the yield of maize. The bell stage is the key stage for the differentiation and development of maize male and female ears. It is the critical period in which the crop requires a large amount of water. But it does not necessarily coincide with the rainy season. Even if water is poured in spring, due to the high temperature the moisture is lost fast and a drought may follow, which has a serious impact on yield. Therefore, if irrigation conditions permit, it is necessary to water the field in time to ensure high yields. We must always pay attention to the weather conditions to prevent drought and waterlogging. Table 4 shows that the sunshine hours and temperature during the tasseling stage are negatively correlated with the maize yield. It shows that the continuous strong sunshine during this stage will cause high temperature which will reduce pollen activity, adversely affect the pollination of corn, increase the convex tip rate of corn and lead to a decrease in yield. The lowest temperature is positively related to the maize yield, as the lowest temperature at this stage is 12.3°C -14.4°C and the highest temperature is 29.5°C -30.1°C (Table 1) . Moderate low temperature will reduce the probability and degree of drought and ensure the high yield of maize. During the tasseling stage especially in the first half of month, water consumption intensity is high. The male ear has formed, and the female ear is accelerating the differentiation of spikelets and florets. So the requirement for water is higher.
Tasseling stage (from early July to early August)
Grain filling-mature stage (from early August to early October)
From the grain filling stage, maize grains began to form, which required nutrients, sunshine and sufficient water. Table 4 shows that temperature has a significant and positive correlation with maize yield. It is indicated that the suitable high temperature in this stage will increase the growth, grouting speed, the biomass, the grain weight and maize yield. However, the drought caused by the continuous high temperature and long sunshine hours will have a negative impact on corn grouting and grain maturation. It will shorten the corn grouting time, reduce the grouting rate and the thousands-grain weight and result in a significant reduction in yield. Moreover, the yield loss caused by drought is significantly greater than yield gain achieved by temperature increase.
Too much rainfall tends to cause crops lodging, the outbreak of pest attack and spread of diseases, resulting in reduced yield. The lowest temperature is negatively related to the maize yield. The lowest temperature during this stage can reach -8.9 °C . Therefore, low temperature can cause frost damage. Autumn frost often causes the ear fail to mature normally, affecting yield and quality. Therefore, the field management should be strengthened according to the situation of the land force. The corn grain fullness should be enhanced and the corn grain weight should be increased so as to boost the maize yield. At the same time, it is necessary to actively prevent and control pests and diseases, strengthen pest monitoring and forecasting to prevent unnecessary maize yield losses and strive for a good harvest.
Conclusion
Based on the time series data of meteorological factors and maize yield, this study uses the Chebyshev orthogonal polynomial to fit the Fisher integral regression model of meteorological yield. In this paper, the changing characteristics of climate and their influence on maize yield in different growth stages of maize in Yilan County, Heilongjiang Province in the last 36 years were analyzed. The yield coefficient obtained from meteorological factors combining crop growth characteristics is analyzed from mechanism. Since the precipitation among the meteorological factors is completely related to the sunshine hours, a meteorological factor (precipitation) is removed from the equation. But it didn't affect the outcome. In other words, knowing the variable of sunshine hours, you can know another variable precipitation.
Through the analysis, we found that the crucial stages of maize yield subject to meteorological factors were joingting stage, bell stage and tasseling stage. Because when corn comes into jointing stage, it grows vigorously and has larger demand for water, temperature and sunshine. At this time, the meteorological conditions have a great influence on the maize yield. Therefore, moderate sunshine, temperature and precipitation are conducive to the high yield of maize. In the practical application, the meteorological output forecast can be made based on the climatic factors such as precipitation, sunshine hours and temperature. Then the yield forecast can be made according to the proposed trend yield. At the same time, according to the yield coefficient, irrigation and other measures may also play a role in heightening maize yield. This method provides a theoretical basis for short-term prediction and improvement of maize yield.
